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M easurem ent of the Z-boson mass 
using e+ e-  Z7  events 
at centre-of-m ass energies above the Z pole
The L3 Collaboration
A bstract
E vents from  th e  e+ e-  ^  Z7  process w ith  h a rd  in itia l-s ta te  ra d ia tio n  collected 
w ith  th e  L3 d e tec to r a t  centre-of-m ass energies betw een  183 GeV an d  209 GeV are  
used  to  m easure  th e  m ass of th e  Z boson. D ecays of th e  Z boson  in to  h ad ro n s or 
m uon  pa irs  are  considered an d  th e  Z m ass is de te rm ined  to  be 91 .272± 0 .032  ( s ta t . ) ±
0.033 (syst.) GeV, in  agreem ent w ith  th e  value m easu red  a t  th e  Z resonance. A lte r­
natively , assum ing  th is  m easu red  value of th e  Z m ass, th e  m e th o d  determ ines th e  
L E P  centre-of-m ass energy, found  to  be  175±  6 8  (s ta t.)  ± 6 8  (syst.) MeV lower th a n  
th e  nom inal value.
S u b m itted  to  Phys. Lett. B
1 Introduction
A t th e  L E P  collider, o p e ra tin g  a t cen tre-of-m ass energies, i / s ,  above th e  Z peak , th e  process 
e+ e-  ^  ffy  frequen tly  occurs w ith  h a rd  in itia l-s ta te  rad ia tio n  (ISR ). D ue to  th e  s tro n g  reso­
nance  in  th e  reac tio n  e+ e-  ^  Z ^  ff, th e  energy  of th e  ISR  p h o to n  is such th a t  th e  m ass of 
th e  ferm ion p a ir  recoiling aga in st th e  p h o to n  is o ften  close to  th e  m ass of th e  Z boson , m Z. T he 
s tro n g  forw ard  p eak ing  of th e  IS R  process yields pho to n s w hich usually  rem ain  u n d e te c te d  in 
th e  b eam p ip e  b u t in  a  sm all frac tio n  of events th ey  are  detec ted .
D a ta  recorded  w ith  th e  L3 d e tec to r [1] a t  i / s  =  183 — 209 GeV w ith  a  to ta l  in te g ra te d  
lum inosity  of 685 p b - 1 , d e ta iled  in  Table 1, a re  used  to  e x tra c t th e  m ass of th e  Z boson, 
using  Z decays in to  q u a rk  or m uon  pairs. T he  m ass of th e  had ron ic  system  a fte r  app ly ing  a 
k inem atic  fit, m eff, is d irec tly  re la te d  to  m Z. In  th e  case of m uon  pa irs  th e  event k inem atics is 
fully de te rm ined  by th e  m easu rem en t of th e  m uon  sca tte r in g  angles, m ak ing  use of th e  excellent 
p o la r angle reso lu tion  of th e  m uon spectrom ete r. F rom  th e  m easu red  o r rec o n stru c ted  p h o to n  
energy, E 11 th e  effective centre-of-m ass energy  of th e  m uon  pa ir, \ f s ', is ca lcu la ted  as
A n u nb inned  likelihood fit is app lied  to  th e  d is tr ib u tio n  of m #  or y  s' to  e x tra c t th e  Z m ass. 
T he  value is com pared  w ith  th e  precision m easu rem en t of L3, derived from  th e  Z -lineshape scan 
a t  cen tre-of-m ass energies a ro u n d  th e  Z pole [2]. T h is com parison  serves as a  cross check of th e  
W -m ass m easu rem en t w hich uses sim ilar techniques. A ssum ing th e  Z m ass m easu red  a ro u n d  
th e  Z pole, th e  m e th o d  provides a  m easu rem en t of th e  L E P  centre-of-m ass energy  w hich is 
com pared  to  th e  one de te rm ined  by th e  L E P  energy  w orking g roup  [3].
2 M onte Carlo sim ulation
T he S ta n d a rd  M odel p red ic tions for th e  different final s ta te s  are  de te rm ined  w ith  th e  following 
M onte C arlo  program s: K K 2F  [4] for e+ e-  ^  qq(Y), e+ e-  ^  ^ + ^ - (y) a n d  e+ e-  ^  t +t - (y), 
B H W ID E  [5] for e+ e-  ^  e+ e- (Y), P H O J E T  [6 ] for e+ e-  ^  e+ e- h ad ro n s, D IA G 36 [7] for 
e+e -  ^  e+ e- ^ + ^ - , K O R A LW  [8 ] for e+ e-  ^  W + W - , w ith  th e  excep tion  of th e  evqq ' final 
s ta te , w hich is m odelled  by E X C A L IB U R  [9], a n d  P Y T H IA  [10] for e+e-  ^  ZZ an d  e+ e-  ^  
Ze+e- . T he response of th e  L3 d e tec to r is m odelled  w ith  th e  G E A N T  [11] d e tec to r s im ulation  
p ro g ram  w hich includes th e  effects of energy  loss, m u ltip le  sca tte r in g  an d  show ering in  th e  
d e tec to r m ate ria l. T he  G E ISH A  p ro g ram  [12] is used  to  sim ulate  had ron ic  in te rac tio n s  in  th e  
d e tec to r. T im e-dependen t d e tec to r inefficiencies are  tak en  in to  account in  th e  sim ulation .
3 Selection of hadronic events
To rem ove pu rely  lep ton ic  final s ta te s  th e  event m ust have m ore th a n  12 ca lo rim etric  clusters. 
In  ad d itio n , th e  tran sv erse  energy im balance m ust be  less th a n  25% of th e  visible energy and  
th e  sum  of th e  c luster energies m ust be  g rea te r  th a n  30% of i / s ,  as show n in F igu re  l a .
H adron ic  final s ta te s  from  tw o-pho ton  collisions are  typ ica lly  b o o sted  along  th e  b eam  d i­
rection . To reject these  events we requ ire  th e  lon g itu d in a l energy  im balance n o t to  exceed 80% 
of th e  visible energy. A dditionally , th e  sum  of th e  tran sv erse  energies of th e  had ro n ic  c lusters 
has to  be  g rea te r  th a n  15% of i / s .  B o th  cu ts  effectively rem ove th e  tw o-pho ton  background .
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F our-je t final s ta te s  from  W - a n d  Z -pair p ro d u c tio n  have a  to ta l  had ron ic  energy  close to  
T he  c lusters in  these  events are  d is tr ib u te d  m ore spherically  th a n  in  th e  case of tw o-jet 
events from  Z7  p ro d u ctio n . For events w ith  a  sum  of th e  h ad ron ic  energy  g rea te r  th a n  70% of 
th e  pa rtic les  are  b o o sted  to  th e  rest fram e of th e  had ron ic  system . A cu t on  th e  th ru s t , T , 
of th e  b o o sted  event, T  >  0.85, rem oves fou r-je t events as show n in F igu re  1b .
4 Selection of muon-pair events
M uons are  rec o n stru c ted  from  track s in  th e  m uon cham bers in  a  fiducial volum e of | cos 0\ < 0.9. 
If only one m uon  tra c k  is p resen t in  th e  event, th e  s ig n a tu re  of an  ad d itio n a l m in im um -ionizing  
p a rtic le  in  th e  inner de tec to rs  is requ ired . H adron ic  events are  suppressed  by requ iring  less th a n  
15 ca lo rim etric  c lusters. To reject cosm ic-ray background , th e  tim e  m easu red  by one sc in tilla to r 
m a tch ed  in  az im u th a l angle to  a  m uon tra c k  has to  be consisten t w ith  th a t  of b eam  crossing 
w ith in  5 ns. In  ad d itio n , th e  d istance  of closest ap p ro ach  of a t  least one of th e  m uon track s to  
th e  in te rac tio n  p o in t in  th e  p lane  p e rp en d icu la r to  th e  b eam  m ust be less th a n  1 m m .
T he tw o m uons are  usually  a lm ost back-to -back  in  th e  p lane  p e rp en d icu la r to  th e  e m itte d  
pho ton . T herefore, th e  angle betw een  th e  m uon  d irec tions in  th a t  p lane, A 0 , is requ ired  to  be 
g rea te r  th a n  175°, as show n in  F igu re  1c. T he  m easu red  m om entum , p ß , of th e  m uon  w hich 
has th e  largest p o la r angle, 91, has to  be  g rea te r  th a n  60% of th e  correspond ing  expected  
m om entum , p®xp, ca lcu la ted  accord ing  to
exP _  r ~ ____________ s in 0 2____________  (o)
Pß V sin 01 +  Sin 0 2 +  I sin (0! +  02) r
w here 02 is th e  p o la r angle of th e  o th e r  m uon. F igu re  1d shows th e  d is tr ib u tio n  of p^/p?XP.
5 M ass reconstruction
In  each selected  event we search for an  iso la ted  pho ton . A p h o to n  c a n d id a te  is a  calo rim etric  
c luste r w ith  an  energy  g rea te r  th a n  30% of It has to  be  iso la ted , w ith  a t  m ost one ad d itio n a l 
c luste r w ith in  15° of th e  c a n d id a te  d irection . In  ad d itio n , th e  angle betw een  th e  p h o to n  and  
th e  n ea rest tra c k  m ust be  g rea te r  th a n  4.6°.
H adron ic  events are  forced in to  tw o je ts  using  th e  D U R H A M  [13] a lgo rithm , excluding  
p h o to n  cand ida tes , if any. T he  p ion  m ass is assigned to  energy depositions m atch ed  w ith  a 
charged  tra c k  while clusters w ith o u t a  m atch in g  tra c k  are  tre a te d  as m assless. A k inem atic  fit 
is app lied  to  th e  event, w here th e  m easu red  qu an titie s  are  varied  w ith in  th e ir  reso lu tion  and  
fou r-m om en tum  conservation  is im posed. If no h igh-energy  p h o to n  is observed  in  th e  d e tec to r, 
a  single p h o to n  is assum ed  to  have escaped  u n d e te c te d  a long  th e  b eam  direction . T h is im proves 
th e  reso lu tion  of th e  tw o-jet effective m ass by a  fac to r of a b o u t 3. T he  d is tr ib u tio n  of th e  f itted  
m ass, m eff, is show n in  F igu re  2.
In m uon-pa ir events, th e  p h o to n  energy  is ca lcu la ted  from  th e  rec o n stru c ted  m uon  m om en ta  
using  th re e -p a rtic le  k inem atics as
s in (0 ! +  0 2 
sin 0 ! +  sin 0 2 +  I sin (0 ! +  0 2) |E 1 =  V~S „ M • (3)
T he  0j a re  th e  angles betw een  th e  m uons an d  th e  p h o to n  d irection . If no p h o to n  is d e tec ted  
th ey  are th e  angles betw een  th e  m uons an d  th e  b eam  direction . T he effective centre-of-m ass
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energy  of th e  m uon  pa ir, V  s ', is ca lcu la ted  using  Form ula  1 an d  its  d is tr ib u tio n  is show n in 
F igu re  3 .
6 Fit m ethod
E vents w ith  h a rd  ISR  are  selected  by requ iring
70 GeV <  m eff <  110 GeV
for had ron ic  events an d
80 GeV <  Vs' <  1 0 0  GeV
for m uon-pa ir events. D a ta  sam ples of 34081 an d  799 events are  selected  for h ad ro n s  an d  m uon 
pairs, respectively, w ith  backg round  levels of 3.2% an d  6.2%.
To e x tra c t th e  Z m ass from  th is  d a ta  sam ple, an  un b in n ed  likelihood fit is app lied  to  th e  
m easu red  d ifferential cross section  as a  fu nction  of m eg or Vs* ■ T he  likelihood is defined as th e  
p ro d u c t of th e  no rm alised  differential cross sections of each event a fte r  selection cuts:
£ ( < )  =  n M « L ^ ± ^ ) ,  (4)
i ^ (m Z ) +  ^BG
w here m is th e  Z m ass varied  d u rin g  th e  fit an d  £ rep resen ts  for th e  had ron ic  events and  
i / s '  for th e  m uon-pa ir events. T he  to ta l  an d  differential accep ted  cross sections of th e  signal 
are  d eno ted  as a  an d  d a /d £ , while a BG an d  d a BG/d £  are  th e  to ta l  an d  differential cross sections 
of th e  background .
T he box  m e th o d  [14] is used  to  o b ta in  th e  accep ted  d ifferential cross section. T h is m eth o d  
takes in to  account b o th  d e tec to r reso lu tion  an d  selection efficiency effects. T he  accep ted  dif­
feren tia l cross section  is d e te rm in ed  by averaging  M onte C arlo  events inside a  £ b in  cen tered  
a ro u n d  each d a ta  event. T he  nu m b er of signal M onte  C arlo  events is scaled such th a t  it  agrees 
w ith  th e  m easu red  to ta l  cross section, while th e  num ber of backg round  events is norm alised  
to  th e  in te g ra te d  lum inosity . T h is  an sa tz  assigns flu c tu a tio n s  in  th e  nu m b er of d a ta  events to  
th e  signal. S tab le  resu lts  a re  o b ta in ed  w ith  b in  sizes chosen such th a t  500 signal M onte C arlo  
events are  con ta ined  in  each m eg b in  an d  250 signal events in  each V s ’ b in . T he size of th e  bins 
ranges from  a b o u t 20 MeV in  th e  m #  p eak  to  a b o u t 6  GeV in  th e  m #  ta ils  an d  from  50 MeV 
in  th e  V s '  p eak  to  3 GeV in  th e  V s '  ta ils .
To sim ulate  th e  effect of different values of th e  Z -boson m ass w ith  a  fin ite  nu m b er of M onte 
C arlo  events, th e  signal M onte  C arlo  events are  rew eighted  using  th e  w eights
w here V s '  ^  is th e  g en e ra ted  effective centre-of-m ass energy  of each event an d  m |f c is th e  value 
of th e  Z m ass th a t  is used  in  th e  M onte C arlo  genera tion . T he  ca lcu la tion  of th e  d ifferential 
cross section, d e r/d V s ' ,  up  to  0 ( a 2) of R eference 15 is used.
To confirm  th e  linea rity  of th e  f ittin g  m e th o d  as well as to  te s t  for any possib le bias, five 
M onte C arlo  sam ples, each w ith  a b o u t te n  tim es th e  s ta tis tic s  of th e  d a ta , are  g en e ra ted  w ith  
different Z m asses betw een  90 GeV an d  92 GeV. T he  co rrec t values for th e  m ass of th e  Z boson 
are  found by th e  f ittin g  m e th o d  w ith in  th e  s ta tis tic a l precision of th e  tes t.
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7 System atic uncertainties
T he sy stem atic  u n certa in tie s  for th e  Z m ass d e te rm in a tio n  are  lis ted  in  Table 2 an d  are  d e ta iled  
below.
To e s tim a te  th e  u n c e rta in ty  due to  h ad ro n isa tio n , th ree  different M onte C arlo  sam ples 
are  g en era ted  w hich have th e  sam e underly ing  tw o-ferm ion events, b u t  different h ad ro n isa tio n  
schem es, m odelled  by th e  p rogram s A R IA D N E  [16], H E R W IG  [17] an d  P Y T H IA . As th e  je ts  
are  form ed from  clusters th a t  are  e ith e r m assless o r assigned th e  p ion  m ass, a  different kaon 
o r b a ryon  con ten t in  d a ta  an d  M onte C arlo  w ould lead  to  a  b ias in  th e  e x tra c te d  Z m ass. 
For each of th e  th ree  m odels th e  M onte C arlo  events were rew eighted  in  o rder to  rep roduce  
th e  m ean  kaon an d  p ro to n  m u ltip lic ity  m easu red  on th e  Z p eak  [18]. T he  m ass of th e  je ts  
p lays a  role in  th e  k inem atic  fit an d  th e  differences of th e  je t  m asses p ro d u ced  by th e  different 
h a d ro n isa tio n  schem es are  also considered. A rew eighting  m e th o d  is app lied  to  rep roduce  th e  
je t  m asses m easu red  in  d a ta . T he  ro o t-m ean -sq u are  of th e  various Z m asses o b ta in ed  w ith  
th e  th re e  M onte C arlo  p rogram s a fte r  th e  different rew eighting  p rocedures is assigned as th e  
h a d ro n isa tio n  sy stem atic  uncerta in ty .
T he ra tio  of th e  m easu red  je t  energy  to  th e  energy  ca lcu la ted  from  th e  je t  angles analogously  
to  Form ula  2 , is show n in F igu re  4 a . T he  je t  energy  scale is confirm ed a t  th e  pe rcen t level. T he 
value of th is  ra tio  as a  function  of cos 0  allows for th e  reca lib ra tio n  of th e  energy  m easu rem en t 
of had ron ic  c lusters. H alf of th e  difference to  th e  m ass o b ta in e d  w ith o u t reca lib ra tio n  is tak en  
as sy stem atic  uncerta in ty . In  ad d itio n , we scale th e  energy  of th e  ind iv idual energy depositions 
by ±  0.5% . T he  difference to  th e  value w ith o u t scaling is tak en  as sy stem atic  uncerta in ty . T he 
to ta l  u n c e rta in ty  from  energy ca lib ra tio n  is th e  sum  in q u a d ra tu re  of th e  tw o con tribu tions.
T he  u n c e rta in ty  due to  th e  m easu rem en t of th e  je t  p o la r angle is e s tim a ted  by rep e a tin g  th e  
analysis w ith  je ts  form ed by ca lo rim etric  c lusters th a t  have a  correspond ing  charged  tra c k  and  
je ts  form ed by th e  sam e c lusters b u t using  th e  p o la r angles from  th e  co rre la ted  charged  track  
in ste a d  of th e  angle m easu red  in  th e  calo rim eter. T he  accuracy  of th e  m easu rem en t of th e  m uon 
p o la r angle is te s te d  by com paring  th e  defau lt i / s '  sp ec tru m  to  th e  sp ec tru m  o b ta in ed  using 
th e  angles of ca lo rim etric  clusters a ssoc ia ted  w ith  th e  m uons. T he  differences of m eff or i / s '  are 
ca lcu la ted  on  an  event-by-event basis an d  show n in  F igures 4b an d  4c , respectively. W e assign 
h a lf  th e  difference of th e  average sh ifts of d a ta  an d  M onte C arlo  as sy stem atic  u ncerta in ties .
A dd itiona l clusters a ro u n d  d e tec ted  p ho tons, w rongly  assigned to  one of th e  je ts , w ould 
affect th e  reco n stru c ted  Z m ass. R em oving all c lusters in  a  10° cone a ro u n d  th e  p h o to n  d irec tion  
resu lts  in  a  negligible m ass shift. In  a  sim ilar way, ca lo rim etric  clusters from  ran d o m  noise, 
equally  d is tr ib u te d  in  th e  calo rim eters, w ould affect th e  reco n stru c ted  m ass if th ey  are  no t 
described  by th e  M onte C arlo. T he  an g u la r d is tr ib u tio n  of ca lo rim etric  energy re la tive  to  th e  
correspond ing  je t  axis is p lo tte d  in  F igu re  4 d . G ood  agreem ent betw een  d a ta  an d  M onte C arlo  
is seen. R em oving all c lusters ou tside  a  cone of 60° ha lf-open ing  angle a ro u n d  th e  je t  axis yields 
a  negligible m ass shift.
For b o th  had ron ic  events an d  m uon-pa ir events th e  u n c e rta in ty  in  th e  backg round  level is 
ev a lu a ted  by scaling th e  to ta l  cross section  of th e  backg round  M onte C arlo  sam ples by ± 5% .
T he th eo re tica l u n c e rta in ty  on th e  ISR  m odelling  is te s te d  by com paring  resu lts  o b ta in ed  
w ith  different ISR  m odelling  schem es to  different o rders of a.  T h is  is done by using  event 
w eights given by th e  M onte C arlo  g en e ra to r K K 2F  as described  in  R eference 4. T he  differences 
betw een  th e  resu lts  from  O ( a 2) ca lcu la tions w ith  C oheren t Exclusive E x p o n e n tia tio n  w ith  and  
w ith o u t IS R /F S R  in terference is assigned as sy stem atic  uncerta in ty .
T he  s ta b ility  of th e  box  m e th o d  is te s te d  by changing  th e  box  sizes used  in  th e  fit. A sm all
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shift is observed  a n d  q u o ted  as sy stem atic  uncerta in ty . To te s t th e  resu lts  o b ta in e d  w ith  th e  
m ax im um  likelihood fit, we also app ly  a  x 2 fit of th e  M onte C arlo  h is to g ram  to  th e  m easu red  
meg d is tr ib u tio n  by rew eighting  ind iv idual M onte  C arlo  events. As a  second te s t, we app ly  
th e  m ax im um  likelihood fit to  th e  V s '  sp ec tru m  of th e  had ron ic  event sam ple, ca lcu la ted  using 
F orm ula  3 m odified  to  include th e  effect of non  zero je t  m asses. T he  resu lts  from  b o th  cross 
checks show no significant d ev ia tion  from  th e  defau lt m eth o d . T he  u n c e rta in ty  from  lim ited  
M onte C arlo  s ta tis tic s  is also considered.
T he  L E P  b eam  energy  has an  u n c e rta in ty  of 10 to  20 MeV [3] depend ing  on  V~s. T he  
re la tive  e rro r on  th e  Z -boson m ass is th e  sam e as th a t  on  th e  b eam  energy.
T he  sy stem atic  u n certa in tie s  are tre a te d  as fully co rre la ted  betw een  th e  different energy 
po in ts , except th e  u n c e rta in ty  resu ltin g  from  lim ited  M onte C arlo  s ta tis tic s , w hich is tre a te d  
as u n co rre la ted , a n d  th e  u n certa in tie s  on  th e  b eam  energy, w here th e  co rre la tion  m a tr ix  from  
R eference [3] is used. A to ta l  sy stem atic  u n c e rta in ty  of 39 MeV for th e  d e te rm in a tio n  of th e  
Z-m ass from  th e  h ad ron ic  channel an d  21 MeV from  th e  m uon channel is found.
8 R esults
T he resu lts  for different values of i / s  are  show n in Table 3 . T hey  are  com bined tak in g  th e  
sy stem atic  un ce rta in tie s  in to  account. T he  com bina tion  yields
mZq =  91.271 ±  0.031 (s ta t.)  ±  0.039 (syst.) GeV
for had ron ic  events an d
m ^  =  91.276 ±  0.105 (s ta t.)  ±  0 . 0 2 1  (syst.) GeV
for m uon-pa ir events. T he  resu lts  of th e  fit are show n in F igures 2 an d  3 . A veraging  th e  resu lts  
o b ta in ed  from  th e  h ad ron ic  an d  m uon p a ir  sam ples, includ ing  all corre la tions, yields
m ^ a s  =  9 1 . 2 7 2  ±  0.032 (s ta t.)  ±  0.033 (syst.) GeV.
For th e  com bina tion  of h a d ro n  an d  m uon-pa ir events, th e  u n c e rta in ty  due to  ISR  m odelling  
is tre a te d  as fully co rre la ted . For th e  b eam  energy u n certa in tie s  th e  co rre la tion  m a tr ix  of 
R eference 3 is used. T h is value is in  good  agreem ent w ith  th e  precision m ass m easu rem en t, 
m Z =  91.1898 ±  0.0031 GeV [2 ].
T he  m easu rem en t can  also be in te rp re te d  as a  d e te rm in a tio n  of th e  L E P  centre-of-m ass 
energy, -\/smeas. A difference betw een  th e  m easu red  m ass, m “ eas, an d  th e  precision  m ass, rriz, 
can  be a tt r ib u te d  to  a  d ev ia tion  from  th e  nom inal value,
a r  r meas r  /~m z
A  V s =  V s -  V'8 =  “ V s---------- • (6)
m Z
T he value o b ta in e d  from  th e  observed  Z m ass,
A v ^  =  -0 .1 7 5  ±  0.068 (s ta t.)  ±  0.068 (sys.) GeV,
is consisten t w ith  no shift.
In  conclusion, th e  Z m ass m easu red  in  rad ia tiv e  events is in  agreem ent w ith  th e  d e te rm in a ­
tio n  a t th e  Z pole, v a lida ting  th e  m e th o d  used  for th e  m easu rem en t of th e  m ass of th e  W  boson. 
In te rp re te d  as a  d e te rm in a tio n  of th e  centre-of-m ass energy it agrees w ith  th e  m easu rem en ts 
by th e  L E P  energy  w orking g roup  [3].
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Y ear <v^> [GeV] L um inosity  [pb *]
1997 182.7 55.5
1998 188.6 176.8
1999 191.6 29.8
1999 195.5 84.1
1999 199.5 83.3
1999 2 0 1 . 8 37.2
2 0 0 0 204.8 79.0
2 0 0 0 206.5 130.8
2 0 0 0 208.0 8.3
T o ta l 684.8
Table 1: C entre-of-m ass energies an d  correspond ing  in te g ra te d  lum inosities.
Source
U n ce rta in ty  [MeV] 
(h ad ro n  channel)
U n ce rta in ty  [MeV] 
(m uon channel)
H ad ro n isa tio n 2 2 —
E nergy  ca lib ra tio n 16 —
A ngular m easu rem en t 24 1 1
B ackground 3 < 1
In itia l-s ta te  rad ia tio n 4 1 1
Box Size 2 2
M onte C arlo  s ta tis tic s 8 9
L E P  energy 1 1 1 1
T otal 39 2 1
T able  2: S ystem atic  u n certa in tie s  on th e  Z boson  m ass.
< v M  [GeV]
m meas [Q ey ]
(hadron channel)
m meas [Q ey ]
(muon channel)
1 8 2 .7  
1 8 8 .6  
1 9 1 .6
1 9 5 .5
1 9 9 .5
2 0 1 .8  
2 0 4 .8
2 0 6 .5  
2 0 8 .0
9 1 . 2 8 6  ±  0 . 0 9 5  ± 0 . 0 4 6  
9 1 . 2 9 0  ±  0 . 0 5 7  ±  0 .0 4 2  
9 1 . 4 0 2  ±  0 . 1 4 3  ±  0 .0 4 6  
9 1 . 4 6 7  ±  0 . 0 8 9  ±  0 .0 4 6  
9 1 . 1 4 4  ±  0 . 0 9 4  ±  0 .0 4 6  
9 1 . 0 7 3  ±  0 . 1 4 2  ±  0 .0 4 6  
9 1 . 3 6 9  ±  0 .1 0 1  ±  0 .0 4 2  
9 1 . 1 0 7  ±  0 .0 8 1  ±  0 .0 4 2  
9 1 . 3 2 9  ±  0 .3 3 1  ±  0 .0 4 2
9 1 . 0 5 7 ±  0 . 3 1 7 ±  0 .0 2 9  
9 1 . 2 2 4  ±  0 . 1 8 9  ±  0 .0 2 9  
9 2 . 0 6 5  ±  0 . 6 3 5  ± 0 . 0 2 9  
9 1 . 2 1 9  ±  0 . 3 3 2  ±  0 .0 2 9  
9 1 . 1 8 3  ±  0 . 4 2 2  ±  0 .0 2 9  
9 1 . 4 6 4  ±  0 . 4 0 2  ±  0 .0 2 9  
9 1 . 3 5 8  ±  0 . 2 6 0  ± 0 . 0 3 2
9 1 . 4 3 9  ±  0 . 2 7 3  ± 0 . 0 3 3
9 0 . 4 3 9  ±  0 . 6 6 7  ± 0 . 0 3 3
Combined 9 1 .2 7 1  ±  0 .0 3 1  ±  0 .0 3 9 9 1 . 2 7 6  ±  0 . 1 0 5  ±  0 .0 2 1
Table 3: R esu lts  of th e  m ax im um  likelihood fit for each i / s  value. T he  first u n c e rta in ty  is 
s ta tis tic a l, th e  second system atic .
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